We aimed to evaluate whether a PET-determined longitudinal decrease in myocardial blood flow (MBF) or gradient, assumed as a more specific flow parameter for epicardial resistance, correlates with invasively measured fractional flow reserve (FFR) in coronary artery disease (CAD) patients.
Introduction
Positron emission tomography (PET)-determined myocardial perfusion in conjunction with regional myocardial blood flow (MBF) quantification in mL/g/min emerges as a unique tool to evaluate the haemodynamic effects of each single epicardial narrowing in multivessel coronary artery disease (CAD). 1 -5 The assessment of hyperaemic MBF and myocardial flow reserve (MFR) has also been appreciated to provide important prognostic information in patients with subclinical and clinically manifest CAD. 6 -11 In the clinical setting, stress-induced regional myocardial perfusion defects commonly signify the 'culprit' or most advanced CAD lesion in multivessel disease, while reductions in hyperaemic MBFs are seen as non-specific as they may originate from both epicardial stenosis and/or microvascular dysfunction. 3, 12, 13 In this respect, Gould et al. 12 outlined that in the presence of an epicardial narrowing † These authors contributed equally to this work.
exceeding 70% diameter stenosis, decreases in MFR ,1.7 can be considered to reflect significant flow-limiting effects of the CAD lesion. Further help comes from PET flow measurements of an abnormal decrease in MBF from the base to the apex of the LV during hyperaemic flows, a so-called longitudinal MBF gradient. 1,14 -18 This abnormal longitudinal MBF gradient during hyperaemic flow stimulation has been put forth to provide more specific information on flow-limiting effects of advanced CAD lesions than conventional interpretation of MFR alone. 1, 14, 15 In contrast to non-specific hyperaemic MBFs, invasively measured fractional flow reserve (FFR), ratio of the absolute distal coronary and aortic pressures measured during maximal hyperaemia, has been widely appreciated as an epicardial and lesion-specific flow index for CAD evaluation. 19 To this end, we aimed to evaluate whether PET-determined longitudinal MBF gradient during hyperaemic flows correlates with invasively measured FFR in CAD patients.
Methods

Patient population
Twenty-nine patients (14 men, 15 women) with a median age of 68 (IQR: 55; 72) years and with stress-induced regional myocardial perfusion defects on 13 N-ammonia PET images were included for study purpose. Subsequently, invasive coronary angiography was performed within 20 days of the 13 N-ammonia PET study. Patients were considered for study purposes, if the culprit lesion, as evidenced by the stress-induced perfusion defect on 13 N-ammonia PET images, was accepted for percutaneous coronary intervention, followed by FFR measurement of a less severe lesion but ≥50% diameter stenosis in the proximal part of the left anterior descending (LAD) (Segments 12 and 13), or left circumflex (LCx) (Segments 18 and 19) according to the American College of Cardiology/American Heart Association guidelines. 20 Cardiovascular risk factors included the presence of arterial hypertension, smoking, type 2 diabetes mellitus, hypercholesterolaemia, obesity, or family history of CAD. Vasoactive medications such as calcium-channel blockers, angiotensin-converting enzyme inhibitors, statins, b-blockers, and diuretics were discontinued at least 24 h before the PET perfusion examination. All study participants refrained from caffeine-containing beverages for ≥24 h and from smoking for ≥12 h prior to the cardiac PET study. The study was approved by the Johns Hopkins Institutional Review Board (No. 00049877).
FFR measurements
Invasive quantitative coronary angiography was performed to assess the severity of epicardial lesions identified during invasive coronary angiography. Patients were considered for study purposes, if the non-culprit coronary artery lesions without stress-induced perfusion deficit but with ≥50% diameter stenosis was localized either in the proximal part of the LAD or in the LCx. 20 FFR was measured applying a 0.014-inch sensortipped guidewire, introduced through a 5-or 6-F guiding catheter. In order to stimulate hyperaemic flows, intracoronary bolus application of 150 mg adenosine in the left coronary artery was applied. FFR was determined as the ratio of mean distal intracoronary pressure, measured by pressure wire and mean arterial pressure measured with the coronary catheter. An FFR of ≤0.80 was considered a haemodynamically significant stenosis, and an FFR of .0.80 was non-significant. 21 Myocardial perfusion PET study 13 N-ammonia PET determined myocardial perfusion and MBF in mL/min/g with serial image acquisition (64-slice Discovery Rx VCT PET/CT scanner, GE Healthcare), and a two-compartment tracer kinetic model, as described previously. 1, 22 After acquiring the topogram applied to determine the axial field of view and a low-dose CT scan (120 kV, 30 mA) for attenuation correction, PET emission data were measured during shallow breathing. PET image acquisition during regadenosonstimulated hyperaemia (0.4 mg intravenous bolus injection over 10 and 20 s interval) was started immediately following injection of ≈370 MBq 13 N-ammonia and also 45 -60 min later at rest for a total duration of 18-min list-mode PET data acquisition, respectively. Myocardial perfusion images during vasomotor stress and at rest were evaluated visually on reoriented short-and long-axis myocardial slices and semiquantitatively on the corresponding polar map from the last static 18-min transaxial PET image. Semiquantitative evaluation of 13 N-ammonia PET perfusion images was performed with a standard 20-segment model and a five-point grading system by two expert observers. 1, 22 Summed stress score (SSS), summed rest score (SRS), and summed difference score (SDS) were determined. An SSS ,4 was considered normal, 4 -8 mildly abnormal, 9-13 moderately abnormal, and .13 severely abnormal perfusion defect. In addition, a SDS ≥2 signified a reversible perfusion defect, whereas ,2 was deemed as normal. According to this, the extent of regional reversible perfusion defects on 13 N-ammonia PET images was scored according to the SDS value. An SDS of 2 -4, .5 -8, and .8 defined mild, moderate, and severe reversible perfusion defects, respectively.
MBF quantification
Left ventricular (LV) contours and input function region were obtained automatically with minimal operator intervention in QPET (CedarsSinai) as described previously. 23 Accordingly, cases were processed in batch mode and LV contours were positioned automatically. The LV contour was determined from the summed dynamic image data, skipping the first 2 min using the QPET algorithm. 23, 24 The 3D region for the LV input function was automatically placed in the middle of the valve plane and was cylindric with a 1-cm radius and 2-cm length, with its long axis oriented along the long axis of the heart. The dynamic myocardial samples were obtained from the polar map by analysing all time frames within the fixed LV contour boundaries. QPET applies a twocompartment kinetic modelling for 13 N-ammonia as outlined by Choi et al. 25 Further, the uniform recovery coefficient of 0.76 to correct for partial-volume effects in the myocardium was applied assuming average myocardial thickness of 1 cm, respiratory motion of 5 mm, average cardiac motion of 7.5 mm, and intrinsic scanner spatial resolution of 4.8 mm. 23, 26 Stress and rest MBF values in mL/g/min were calculated for each sample on the polar map. In order to minimize noise in the curves, the interpolation was used and computations were performed in 70 myocardial regions with equal surface areas. For each of these regions, regional flows were generated. Subsequently, these calculations were then interpolated using a surface-area-weighted bicubic method to determine flow values for each polar map sample. 23 Notably, the hyperaemic and rest MBF was computed within the whole LV region bounded by the LV plane. As regards the MFR, it was calculated by dividing each stress polar map sample by the rest samples at each point. Regional MBFs in mL/g/min of the myocardial regions subtended to the LAD, LCx, and RCA were averaged on a polar map, and the resulting mean MBF of the LV was defined as global MBF. In addition, two circumferential regions of interest were assigned to the mid-and the mid-distal portion of the LV myocardium on a 20-segment model ( Figure 1) . A decrease in MBF from mid-to mid-distal LV myocardium signified a decrease in longitudinal flow in mL/g/min that was defined as longitudinal MBF gradient in the LAD (anteroseptal, anterior), LCx (anterolateral, inferolateral or inferolateral, inferior depending on the vascular distribution of the LCx on invasive coronary angiography) and RCA (inferoseptal, inferior). 1, 16 Alterations in the MBF gradient from rest to hyperaemia were defined as Dlongitudinal MBF gradient (longitudinal MBF gradient during hyperaemia 2 longitudinal MBF gradient at rest). 17 Basal segments and the apical segment of the polar map, however,
were not included for this analysis due to a possible count variability induced by the membranous septum, by a certain variability in locating the last apical slice, and by potential partial-volume errors resulting from object size at the apex as reported previously. 14 In order to avoid patient motion during PET acquisition, a torso and arm strap was applied. For every patient, sinograms of stress and rest image acquisition were reviewed for potential patient motion. In addition, the 36 dynamic frames were evaluated for appropriate LV contour alignment with the increasing radiotracer uptake. Studies with misalignment between LV contour and radiotracer uptake on any of the 36 dynamic frames, indicative of patient motion, were excluded for study purpose. At each MBF assessment, heart rate, blood pressure, and a 12-lead electrocardiogram were recorded continuously. From the average of heart rate and systolic blood pressure during the first 2 min of each image acquisition, the rate-pressure product (RPP) (heart rate × systolic blood pressure) was derived as an index of myocardial workload. To account for inter-individual variations in coronary driving pressure during hyperaemic flows, an index of coronary vascular resistance (CVR) was determined as the ratio of mean arterial blood pressure (mmHg) to MBF (mL/g/min).
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Statistical analysis
Since continuous variables are not always normally distributed, they are presented as median and interquartile range (IQR) (25th-75th percentile:
Quartile 1, Quartile 3). For comparison of differences, we used the MannWhitney U test for independent samples (SPSS statistics 22.0, IBM, Armonk, NY, USA). A comparison of flow parameters among different myocardial territories was performed by Kruskal-Wallis one-way analysis of variance. Pearson correlation coefficients (r), assuming a linear regression and the standard error of the estimate (SEE), were calculated to investigate the associations between longitudinal MBF gradient and FFR, respectively. Using the Fisher's r-to-z transformation, the significance of differences between related correlations was determined. All test procedures were two-sided with a P-value of ≤0.05, indicating statistical significance.
Results
Clinical characteristics Table 1 denotes the clinical characteristics and cardiovascular risk factors of the study population. All patients had a history of effort-induced chest tightness: 19 with suspicion for CAD and 10 with known CAD. When a significant epicardial coronary artery lesion during coronary angiography was defined as ≥50% diameter stenosis, 17 patients had three-vessel disease, and 12 had two-vessel disease.
Stress-induced myocardial perfusion defects
In these patients with multivessel CAD, stress-rest 13 N-ammonia PET perfusion images identified regional reversible perfusion defects (abnormal SSS ≥4 and SDS ≥2) either in the LAD (n ¼ 20) or in the LCx (n ¼ 9) that defined the most advanced or culprit CAD lesion in multivessel disease as evidenced by coronary angiography. The mean SRS, SSS, and SDS were 1.5 + 1.3, 6.4 + 1.8, and 4.9 + 1.6, respectively. There were 24% (7 of 29) mild, 62% (18 of 29) moderate, and 14% (4 of 29) severe reversible perfusion defects. 
Haemodynamics and regional MBF
0.003
Values are median (Q1, Q3). Region 1 (R1), stress-induced perfusion defect (PD); Region 2 (R2), no stress-induced perfusion defect and stenosis ≥50%; Region 3 (R3), no stress-induced perfusion defect without stenosis ≥50%; MBF, myocardial blood flow (mL/g/min);
MFR, myocardial flow reserve; CVR, coronary vascular resistance (mmHg/mL/g/min). P-values according to Mann -Whitney U test for independent samples.
heart was also appreciated, while systolic and diastolic blood pressures decreased. The RPP at rest and during pharmacologic vasodilation was similar between both conditions of hyperaemic flow stimulation, indicating comparable haemodynamic study conditions. As regards PET-determined regional MBFs at rest, they did not differ among Regions 1 -3 ( Table 3) . Compared with Region 3, hyperaemic MBFs and MFR progressively but non-significantly declined in Regions 2 and 1, respectively ( Table 3 ). In addition, the regional CVR (mean arterial blood pressure/MBF) widely mirrored the MBF values during hyperaemic flow stimulation and at rest for each region studied.
Longitudinal MBF gradient
Resting MBF was non-significantly lower in the mid-distal than in the mid-LV myocardium in Regions Table 3 ; Figures 2 and 3) . Although the hyperaemic longitudinal MBF gradient and Dlongitudinal MBF gradient were higher in Region 1 than in Region 3, respectively, they did not reach statistical significance.
Correlations between regional MFR, longitudinal MBF gradient, and FFR
In order to evaluate a possible correlation between hyperaemic flow parameters and flow-limiting effects of epicardial stenosis, the invasively measured FFR in Region 2 was related to the corresponding hyperaemic MBF gradient and Dlongitudinal MBF and MFR, respectively. As it can be appreciated in Figure 4A and B, the severity of FFR was closely paralleled by the extent of hyperaemic longitudinal MBF and Dlongitudinal MBF, respectively (r ¼ 0.95 and 0.94; both P , 0.0001). Conversely, FFR also correlated with decreases in hyperaemic MBFs and MFR, respectively (r ¼ 0.63, P , 0.0001 and r ¼ 0.50, P ¼ 0.006), while these associations were less pronounced as observed for the longitudinal MBF gradient ( Figure 4C and D) . The correlation coefficients between the FFR and hyperaemic longitudinal MBF proved to be significantly higher than between FFR and hyperaemic MBF and MFR, respectively (z ¼ 3.93 and 4.62; both P , 0.0001). In addition, we aimed to evaluate whether the hyperaemic longitudinal MBF gradient was dependent also of the increase in hyperaemic flows during regadenoson stimulation. The extent of the longitudinal MBF gradient during hyperaemic flows, however, did not correlate significantly with the increases in hyperaemic MBFs in the mid-LV of the corresponding region (r ¼ 0.33, P ¼ 0.084), suggesting a predominant uncoupling of the hyperaemic longitudinal MBF gradient from the flow increase.
Discussion
The observations of the current investigations are unique in that they demonstrate a significant association between invasively measured FFR, as a specific functional parameter of the epicardial resistance in CAD, and a post-stenotic longitudinal MBF from the mid-to mid-distal LV myocardium. Such observations suggest indeed that the observed hyperaemic longitudinal MBF gradient is predominantly caused by abnormal increases in epicardial resistance to coronary flow due to focal CAD lesions. These results accord with previous investigations relating the longitudinal flow gradient during hyperaemic flow to abnormalities in epicardial vasomotor function and to diffuse and/or focal CAD 1, 14, 16, 18, 22 but expand these observations to an association between alterations in invasive FFR and hyperaemic longitudinal MBF gradient. Thus, while stress-induced regional perfusion defects signify the most advanced CAD lesion in multivessel disease, an abnormal hyperaemic MBF gradient may serve as a useful tool for the specific detection of flow-limiting CAD lesions of less severity and without regional perfusion defect that warrants further clinical investigations.
As regards PET-determined regional hyperaemic MBFs and MFR, respectively, they progressively but non-significantly increased from the region with stress-related perfusion defect to the remote region without perfusion defect but with or without stenosis ≥50%, respectively. Someone might have expected more pronounced and statistically significant differences in mean hyperaemic MBFs and MFR among these regions that is likely related to relatively small sample size of the study population and an observed wide range of individual hyperaemic MBF values. 2, 27 Increases in severity of FFR, however, were paralleled by a progressive increase in the magnitude of a post-stenotic longitudinal MBF gradient in the presence of epicardial stenosis of predominantly intermediate severity. Such observations in fact may agree with the Hagen -Poiseuille law. 14, 15, 19, 28 According to the latter, the resistance to flow depends on the length of the tube, the flow velocity and, importantly, inversely on the fourth power of the vessel diameter. And indeed, in the current study, the extent of the hyperaemic longitudinal MBF gradient was related to the severity of the FFR, reflecting the downstream effects of epicardial stenosis on flow, and thus the severity of CAD focal epicardial narrowing. As regards the flow velocity, however, the extent of the longitudinal MBF gradient during hyperaemic flows did not significantly correlate with the increases in hyperaemic MBFs in the mid-LV of the corresponding region. This contrast recent observations in the assessment of the longitudinal flow gradient in individuals with subclinical CAD. 22 According to the Hagen -Poiseuille law, the coronary driving pressure increases in proportion of the flow velocity. However, beyond a critical velocity, this relationship will no longer hold true for a given stenosis and the laminar flow will turn into tubular flow with a pressure drop and decrease in flow. 15, 29, 30 Consequently, in the current investigation, advanced epicardial narrowing is likely to have suspended, at least in part, the dependency of the longitudinal MBF gradient from the velocity of the hyperaemic flow increase in these patients with multivessel disease as opposed to non-obstructive CAD. 22 Interestingly, in regions with stress-induced regional perfusion defects on 13 N-ammonia PET images, the abnormal longitudinal MBF N-ammonia PET/CT images in corresponding shortaxis (top), vertical long-axis (middle), and horizontal long-axis (bottom) slices. On rest images, there is a mild decrease of myocardial perfusion of the inferior and inferolateral wall to suggest mild necrosis that, however, markedly worsens during vasomotor stress signifying large size and severe ischaemia in the LCx distribution. (B) Regional MBF quantification demonstrates abnormally reduced hyperaemic MBFs and MFR in all three major coronary artery territories of the LAD, LCx, and RCA, respectively (upper panel). Segment MBF analysis outlines a decrease in MBF from the midto distal segments with a mean longitudinal MBF gradient during hyperaemic flow in the LAD (0.18 mL/g/min), LCx (0.56 mL/G/min), and RCA (0.09 mL/g/min) (lower-middle panel). (C) Invasive coronary angiography of the left coronary artery in this patient demonstrated a complete occlusion of the mid LCx, which is responsible for the stress-induced ischaemia in the inferior and inferolateral wall, and a ≈50% stenosis in the mid-LAD just after a patent stent (left panel). (D) An additional left-anterior-oblique projection, however, unmasks a ≈95% stenosis of the proximal diagonal branch in addition to the described LAD lesion (right panel). Invasively measured FFR of the LAD lesions proved to be normal with 0.84. (E) Invasive coronary angiography of the right coronary artery demonstrates two serial lesions of ≈50% in the mid-and distal RCA, respectively. gradient during hyperaemic flows was much less pronounced than in regions subtended to less severe epicardial narrowing. As intracoronary resistance relates inversely not only to the vessel diameter according to the Hagen -Poiseuille law but also to the velocity of the blood flow, 15, 31 advanced epicardial narrowing is likely to have offset the post-stenotic longitudinal MBF gradient owing to a decrease in hyperaemic flows as described more recently. 1 Such observations outline an uncoupling of the longitudinal MBF gradient from hyperaemic MBFs when an advanced and high-grade stenosis was present. The observed decrease in post-stenotic hyperaemic flow, accompanied by a relative decrease in intracoronary resistance, therefore manifested in a less marked flow gradient than in regions subtended to less severe epicardial lesions in multivessel disease. Notably, in myocardial regions subtended to epicardial vessels without obstructive CAD, the hyperaemic longitudinal MBF gradient was lowest and surprisingly similar to the one in regions with high-grade CAD lesions causing regional perfusion defects. This differs in part from previous investigations with a more pronounced hyperaemic flow gradient in regions with and without diffuse CAD in individuals with subclinical CAD. 22 The exact reason for this discordant observation remains uncertain but is likely to be related to a more severe alterations of microvascular dysfunction in these patients with clinically manifest and severe multivessel CAD than in previous investigations with subclinical CAD. 22 More severe microvascular dysfunction in this study population with advanced and multivessel CAD, associated with markedly reduced hyperaemic MBFs, can be assumed to have offset the magnitude of the hyperaemic longitudinal MBF gradient, resulting in a less marked flow gradient than someone might have expected. Conversely, it is equally possible, at least in part, that the CAD population studied was not large enough or, conversely, that the range of hyperaemic longitudinal MBF gradient between regions with high-grade CAD lesions causing regional perfusion defects and regions without obstructive CAD was not wide enough to result in a statistically significant difference. Interestingly, in an 82 Rubidium PET flow study in patients with subclinical CAD, 32 a regional decrease of myocardial perfusion from the base to the apex of the left ventricle was actually observed at rest but not during dipyridamole-stimulated hyperaemic flows. The reported mild longitudinal decrease in resting myocardial perfusion was related to direct downstream effects of diffuse CAD, which appeared to be overcome during hyperaemic flow stimulation. These observations may be supported by invasive investigations 33, 34 that have described reductions in baseline coronary vasomotor tone in the presence of structural CAD. Differences in structural and/or functional alterations of the coronary circulation, therefore, can indeed be considered as source of a relative and mild fall of regional resting perfusion or flow in a subset of individuals with subclinical CAD. 32 In the current study in patients with clinically manifest and multivessel CAD, a discrete longitudinal MBF gradient was also observed at resting condition that, however, did not differ significantly among myocardial regions. It is intriguing to speculate that in the presence of multivessel CAD, structural alterations of the coronary arteries may have affected downstream coronary flows to a similar extent and/or a compensatory vasodilator adaption of the coronary arteriolar vessels may have set off a more pronounced longitudinal MBF gradient at rest that remains to be further investigated.
Limitations
There are important limitations worthy of considerations in interpreting these clinical observations. First, in view of the relatively small sample size of a selected study population with severe and multivessel CAD, current observations of a close association between invasively determined FFR and PET-determined longitudinal MBF gradient may be seen as a 'proof of principle' study that is likely to stimulate further clinical investigations in this emerging research field. Second, heart rate and blood pressure at rest and during pharmacologically induced hyperaemic flow increases were comparable at the time of the two study sessions, suggesting comparable haemodynamic conditions during invasive FFR and during the PET measurements. Thus, although different pharmacologic agents for hyperaemic flow stimulation were used, such as adenosine for invasive FFR measurements and regadenoson for MBF assessment with PET, differences in haemodynamics can be widely ruled out as potential source of error in this comparison. Third, MBFs in the mid-and mid-distal LV segments were assessed and, thus, the longitudinal MBF gradient was measured over a relatively short longitudinal distance striving to avoid confounding count variability in the basal segments and partial-volume effects in the apical segment on MBF measurements, 1, 22 potentially resulting in some underestimation of the longitudinal MBF gradient during pharmacologically-stimulated hyperaemic flows. A more sophisticated and different analysis approach as reported by Gould et al. 14 would have been desirable for a more accurate quantification of the extent and severity of the longitudinal flow gradient, needing further investigations. Fourth, novel and recent developments of 3D mapping of MBF, as determined with 15 O-water and PET, 35 is less apt or widely without partial-volume effects and flow values can be displayed on a voxel basis. Although this development is likely to afford a more accurate measurement of a longitudinal MBF gradient, it still remains to be tested clinically. Finally, we did not co-acquire coronary CT angiography that would have afforded a more accurate assignment of the coronary vessel segments of the coronary tree to the corresponding myocardial region and MBFs. 36, 37 Further, combining 3D fusion of CT-determined coronary morphology and voxelbased MBF would further enable the assessment of a longitudinal flow gradient not only in the post-stenotic myocardial region as in the current study, but also before and after a given CAD lesion. Such a 3D diagnostic approach of fusioned CT-determined coronary morphology and voxel-based MBF could indeed reflect a further step towards the development of a non-invasive FFR.
35,38
Conclusions
The observed close correlation between a longitudinal MBF gradient during hyperaemic flows and invasively measured FFR supports the validity and value of the longitudinal flow gradient as a noninvasive index of flow-limiting CAD of intermediate severity in multivessel disease needing further clinical investigations.
